Veerapen, Natacha; Besra, Gurdyal S.; and et al, ,"Primary deficiency of microsomal triglyceride transfer protein in human abetalipoproteinemia is associated with loss of CD1 function.Abetalipoproteinemia (ABL) is a rare Mendelian disorder of lipid metabolism due to genetic deficiency in microsomal triglyceride transfer protein (MTP). It is associated with defects in MTP-mediated lipid transfer onto apolipoprotein B (APOB) and impaired secretion of APOB-containing lipoproteins. Recently, MTP was shown to regulate the CD1 family of lipid antigen-presenting molecules, but little is known about immune function in ABL patients. Here, we have shown that ABL is characterized by immune defects affecting presentation of self and microbial lipid antigens by group 1 (CD1a, CD1b, CD1c) and group 2 (CD1d) CD1 molecules.
Introduction
Abetalipoproteinemia (ABL) is a rare autosomal recessive disorder caused by mutations in the gene encoding microsomal triglyceride transfer protein (MTP) (1) . MTP is an ER-resident protein that transfers triglycerides, cholesteryl esters, and phospholipids onto apolipoprotein B (APOB), thereby promoting the secretion of chylomicrons and very low density lipoproteins (VLDLs) from enterocytes and hepatocytes, respectively (1, 2) . Consequently, patients with ABL exhibit intestinal lipid malabsorption, low plasma lipid levels, hepatic steatosis, and neurological and ophthalmological symptoms (1) .
Similar observations have been made in MTP-deficient mice, confirming the crucial role of MTP in the pathogenesis of ABL (3, 4) .
Recent studies have shown that MTP also regulates CD1, a family of lipid antigen-presenting molecules consisting of group 1 (CD1a, CD1b, CD1c) and 2 (CD1d) CD1 molecules in humans (5) . CD1 is synthesized in the ER, where it is loaded with endogenous (self) lipid antigens that are presented to CD1-restricted T cells after reaching the plasma membrane (5) . Subsequently, CD1 traffics through the endolysosomal system, where endogenous antigens are exchanged for exogenous lipid antigens, which are presented to T cells after recycling to the cell surface (5) . It has recently been shown that MTP can directly transfer phospholipids onto CD1d, suggesting a role for MTP in transfer of endogenous lipids onto CD1 during its biosynthesis in the ER (6) . Furthermore, deletion of MTP in parenchymal cells of mice as well as chemical inhibition of MTP in human cells leads to strongly impaired CD1-restricted antigen presentation, demonstrating a critical role of MTP in CD1 function (6) (7) (8) (9) .
CD1d is the best-characterized CD1 family member and is known for its activation of a unique subset of T cells called natural killer T (NKT) cells. Upon activation by CD1-bearing stimulatory self or foreign lipid antigens, NKT cells secrete a broad array of cytokines, which leads to downstream activation of the innate and adaptive immune system (10) . Studies in mice have suggested a central role for NKT cells in antimicrobial, anticancer, and autoinflammatory immune responses (10, 11) . While less is known about group 1 CD1-restricted T cells due to their absence in mice, most antigens that are known to activate these T cells are derived from mycobacteria, particularly Mycobacterium tuberculosis (12) .
In the current study, we have investigated CD1 function in patients with ABL and found that primary genetic deficiency of MTP in ABL is associated with loss of CD1 function. We thus describe the first human disease to our knowledge characterized by defects in all antigen-presenting CD1 family members.
Results
Defect in CD1-restricted presentation of self-derived antigens in ABL. Antigen presentation was analyzed by coculture of CD1-restricted T cell clones with APCs obtained from peripheral blood of ABL patients (n = 6, Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI42703DS1) or healthy controls (n = 33). To determine whether changes in CD1 presentation are specifically caused by MTP deficiency, we analyzed 6 patients with familial hypobetalipoproteinemia (FHBL) caused
Figure 1
Impaired presentation of self-derived antigens in ABL but not FHBL. Monocyte-derived DCs from healthy controls and ABL patients (A and B) or FHBL patients (C) were cultured at the indicated concentrations with 5 × 10 4 CD1a-, CD1b-, and CD1c-restricted T cells or CD1d-restricted iNKT cells. Cytokine release of T cells was determined after 18-20 hours of coculture by ELISA. Culture of DCs or T cells alone did not lead to detectable cytokine production. CD1 restriction is demonstrated by blocking of the T cell response by anti-CD1 antibodies (B). One representative experiment is shown. Two additional experiments with cells from independent ABL, FHBL and control subjects gave comparable results. by heterozygous (n = 5) or compound heterozygous mutations (n = 1) in APOB (Supplemental Table 1 ). In addition, we analyzed one severely hypolipidemic FHBL subject with a combination of heterozygous mutations in MTTP, SAR1B, and APOB. Since APOB, like MTP, is a requisite component for intestinal and hepatic lipid transport but does not regulate CD1 function, FHBL patients display similar serum lipid changes similar to those observed in ABL but are not expected to show alterations in CD1 function.
CD1 molecules present self antigens, and, at least in the case of human CD1d, the majority of these antigens seem to be acquired in the secretory pathway (ER, Golgi apparatus) (13) . Since MTP resides in the ER and can directly transfer phospholipids onto CD1 (6), we hypothesized that it might be critical for presentation of self antigens by CD1. Indeed, ABL patients exhibited a severe defect in self antigen presentation by all human CD1 isoforms ( Figure 1 , A and B, and Supplemental Figure 1A ). In contrast, FHBL patients, including a patient with compound heterozygous APOB mutations and a severely hypolipidemic subject with heterozygous mutations in MTTP, SAR1B, and APOB exhibited normal CD1-restricted antigen presentation ( Figure 1C , Supplemental Figure 1A ,
Figure 2
Impaired presentation of exogenous antigens in ABL. DCs (A and D-H), monocytes (B) or B cells (C) (2 × 10 4 ) were cocultured with 1 × 10 5 CD1drestricted NKT cells (A-D and H) or CD1b-(E) or CD1c-restricted T cells (F) in the presence of αGalCer (A-C, 100 ng/ml in C), GMM (E), mannosyl-phosphomycoketide (MPM; F), BbGL-IIf (10 μg/ml, D), or GSL-1 (10 μg/ml, D). In G, DCs were cocultured with CD1c-restricted T cells at the indicated days after infection with M. tuberculosis H37Rv. In H, DCs were cocultured with CD1d-restricted iNKT cells in the presence of the indicated heat-killed bacteria (MOI of 20). In some cases, blocking antibodies against CD1d or IL-12 were added. Cytokine release of T cells was determined after 18-20 hours of coculture by ELISA. Culture of DCs or T cells alone did not lead to detectable cytokine production. One representative experiment is shown. Two additional experiments with cells from independent ABL and control subjects showed comparable results. bac, bacteria. and Supplemental Figure 2 , A-C), confirming that CD1 dysfunction is specifically caused by homozygous MTTP mutations and not by downstream effects on the metabolism of APOB-containing lipoprotein particles. Assessment of CD1d-restricted antigen presentation using cells from the same ABL patient at two different time points confirmed a persistent CD1 defect in ABL (Supplemental Figure 3 ). These studies together with others (see Supplemental Results) reveal that ABL is associated with a specific defect in CD1 function.
Defect in the presentation of exogenous CD1-restricted antigens in ABL. To study whether the CD1 defect extends to the presentation of exogenous antigens, we analyzed presentation of the CD1d model glycolipid antigen α-galactosylceramide (αGalCer) to invariant NKT (iNKT) cells. We found that αGalCer presentation was severely impaired in monocyte-derived DCs, monocytes, and B cells from ABL but not FHBL patients ( Figure 2 , A-C, Supplemental Figure  1B , and Supplemental Figure 4 , A and B), demonstrating that the CD1d defect in ABL extends to exogenous antigens and is not restricted to certain subtypes of APCs. iNKT cells showed impaired production of both Th1 (IFN-γ) and Th2 (IL-4) cytokines upon stimulation with ABL APCs, confirming that decreased IFN-γ levels reflect impaired T cell activation and not altered T cell polarization (Supplemental Figure 5 ).
CD1d-restricted antigen presentation in ABL was broadly disabled in that it affected presentation of antigens preferably (αGalCer) or exclusively (Gal[α1→2]GalCer) (14) loaded in the endolysosomal compartment, as well as presentation of antigens loaded at the cell surface (αGalCer C20:2; ref. 15 and Supplemental Figure 6 , A and B). In addition, ABL subjects exhibited impaired presentation of αGalCer after cell surface loading of fixed monocytes and showed decreased loading of CD1d with αGalCer, as directly detected by Fab fragments specific for the αGalCer/ CD1d complex (16) (Supplemental Figure 6B and Supplemental Figure 7 ). Furthermore, we tested relative effects of surface and endosomal compartments in the group 1 CD1 system by investigating CD1b-restricted presentation of glucose monomycolates (GMMs) with short (C32) or long (C80) tails that load at the cell surface (C32) or require lysosomal acidification for loading (C80) (17) . We found that ABL DCs had a stronger defect in the presentation of GMM C32 compared with GMM C80, implicating a defect in proximal compartments and suggesting that the acidic pH in lysosomes and/or the action of lysosomal lipid editing molecules might provide a mechanism for rescue of CD1b-restricted antigen presentation in the absence of MTP (Supplemental Figure 6C ). CD1 molecules present microbial lipids and contribute to clearance of infections through activation of lipid-reactive T and NKT cells (18) . To investigate whether ABL patients show a defect in CD1-mediated presentation of microbial antigens, we examined presentation of antigens derived from Borrelia burgdorferi (BbGL-IIf, ref. 19, CD1d-restricted, Figure 2D Figure 1B ). Blocking antibodies confirmed CD1 restriction of the respective antigens (data not shown). To investigate whether a similar defect can be observed upon encounter with intact microbial organisms, we studied activation of T cells recognizing M. tuberculosis-derived lipids in a CD1c-restricted manner after infection of DCs with live M. tuberculosis ( Figure 2G ). As observed with purified CD1-dependent lipids, infection of DCs from healthy controls led to significant T cell activation, while ABL DCs failed to activate T cells ( Figure 2G ).
iNKT cells can be activated not only by direct presentation of microbial lipids but also indirectly by stimulation of pattern recognition receptors on DCs, which activate iNKT cells by DC-derived IL-12 in the presence of CD1d-restricted self antigen presentation (22, 23) . Given the defect in CD1d-restricted presentation of self antigens, we hypothesized that ABL patients might also show altered indirect iNKT cell activation. Indeed, Salmonella typhimurium and Staphylococcus aureus, neither of which contain known CD1-associating iNKT cell-activating lipids, significantly enhanced iNKT cell activation by DCs from healthy controls but not ABL subjects in a pathway dependent upon IL-12 and CD1d ( Figure 2H ).
The defect in antigen presentation in ABL is specific for CD1. Several control experiments were performed to exclude nonspecific defects in antigen presentation in ABL. Most importantly, we found that MHC class I- and class II-restricted peptide antigen presentation was normal in ABL subjects (Figure 3 ), confirming a selective CD1 defect and absence of significant alterations in endolysosomal trafficking and antigen processing. Furthermore, expression of the DC maturation marker CD83 and the costimulatory molecules CD40, CD80, and CD86 did not differ between ABL and controls ( Figure 4A and data not shown). In addition, TNF-α and IL-8 secretion by ABL monocytes and DCs upon stimulation with LPS or poly(I:C) was indistinguishable in ABL subjects and controls, confirming the absence of general functional alterations in ABL APCs (Supplemental Figure 8 and data not shown). Finally, comprehensive analysis of the frequency, phenotype, and function of
Figure 3
Unaltered MHC class I-and class II-restricted antigen presentation in ABL patients. (A) PBMCs (2 ×10 5 ) were cultured in the presence or absence of 2 μg/ml CEF peptide mixture on IFN-γ ELISPOT plates. Plates were developed after 20 hours of culture, and the stimulation index (spots in the presence of CEF/spots in the absence of CEF) was calculated. (B) DCs (2 × 10 4 ) were cocultured with 1 × 10 5 tetanus toxinreactive HLA-DR-restricted SPF3 T cells in the presence or absence of 25 μg/ml tetanus toxin. Cytokine release of T cells was determined after 18-20 hours of coculture by ELISA. Culture of DCs or T cells alone did not lead to detectable cytokine production. One representative experiment is shown. Two additional experiments with cells from independent ABL and control subjects showed comparable results.
ABL PBMCs revealed no alterations beyond those related to CD1 dysfunction (Supplemental Results).
MTP deficiency in ABL leads to degradation of group 1 CD1 molecules. To investigate the underlying mechanisms responsible for the CD1 defect in ABL, we determined cell surface expression of CD1 molecules by flow cytometry. DCs from ABL patients exhibited a dramatic decrease in cell surface expression of CD1a and CD1c and, to a lesser degree, of CD1b ( Figure 4A ). MHC class I and II expression was not changed in ABL ( Figure 4A Impaired cell surface expression of CD1 could be due to decreased protein expression or increased internalization of surface protein. To delineate these possibilities, we determined total protein expression using flow cytometry of permeabilized DCs.
ABL DCs showed decreased total CD1a, CD1b, and CD1c levels that correlated with reduction in cell surface expression ( Figure  4A ). In addition, confocal microscopy showed reduced expression of group 1 CD1 but, where detectable, no alterations in subcellular distribution (Supplemental Figure 9 ). In accordance with unaltered CD1 function in FHBL, CD1a-d surface and total expression were unchanged (data not shown).
To investigate whether decreased group 1 CD1 expression is due to altered transcription, we analyzed CD1 mRNA expression by quantitative PCR. We found unaltered transcription of CD1a, CD1b, CD1c, β 2 -microglobulin, and the nonclassical MHC class I molecule HFE in ABL DCs (Supplemental Figure 10 ). We therefore investigated the possibility that MTP deficiency leads to proteasomal degradation not only of APOB (24, 25) but also of group 1 CD1 molecules. To this end, we treated DCs with 3 different proteasomal inhibitors, MG132, ALLN, and lactacystin, and determined total CD1 expression by flow cytometry of permeabilized DCs. None of the inhibitors altered CD1 expression in healthy controls, confirming absence of proteasomal CD1 degradation
Figure 4
Proteasomal degradation leads to impaired group 1 CD1 expression in ABL. (A) Flow cytometric analysis of expression of the indicated molecules on DCs. For analysis of total (surface and intracellular) expression, cells were permeabilized before antibody staining. For surface staining, cells were stained and then fixed. Shown is the mean fluorescence intensity on a log10 scale. (B) Flow cytometric analysis of CD1 and MHC class I expression after culture in the presence or absence of the indicated proteasomal inhibitors (10 μM) for 10 hours. Cells were permeabilized before antibody staining to allow for detection of total protein expression. Shown is the mean fluorescence intensity on a log10 scale. One representative experiment is shown. One (B) and two (A) additional experiments with cells from independent ABL and control subjects showed comparable results.
under steady-state conditions. However, all inhibitors increased group 1 CD1 but not MHC class I or II expression in ABL DCs ( Figure 4B and data not shown). In addition, proteasomal inhibition had no effect on CD1d levels, consistent with unaltered CD1d expression in ABL (data not shown). Due to the limited amount of primary DCs obtained from patients and controls, direct determination of the ubiquitin status of CD1 proteins was not possible. However, in contrast to the observations made upon interference with proteasome function, inhibition of lysosomal degradation by concanamycin A- and chloroquine-dependent blockade of acidification did not increase CD1 expression in ABL, although it led to impaired CD1b- and CD1d-restricted presenta- DCs from healthy controls or ABL patients were cocultured with CD1-restricted T cells or iNKT cells. One representative experiment is shown. One additional experiment with cells from independent ABL and control subjects showed comparable results.
tion of endolysosome-loaded antigens (data not shown). In conclusion, these data suggest that absence of MTP in the ER leads to proteasomal degradation of group 1 CD1, which is similar to the reported effects of MTP deficiency on APOB (24, 25) . Interestingly, CD1d shows functional alterations similar to group 1 CD1 but escapes proteasomal degradation.
Reconstitution of ABL DCs with MTP restores CD1 expression and function. To investigate whether reconstitution with wild-type MTP can restore CD1 expression and function, we transduced DCs from healthy controls and ABL patients with lentiviruses expressing MTP. We obtained high transduction rates with unimpaired viability (Supplemental Figure 11 ). Lentiviral MTP transduction did not affect CD1 expression or antigen presentation in healthy controls ( Figure 5 ), as previously noted (6, 8) . In contrast, transduction of ABL DCs largely restored CD1a, CD1b, and CD1c expression, with no effect on MHC class I and II expression ( Figure 5A and data not shown). In addition, transduction of ABL DCs with MTP restored CD1-restricted antigen presentation ( Figure 5B) .
Altered development and peripheral activation of iNKT cells in ABL. Since murine thymic iNKT selection requires CD1d (26) and MTP (8), we investigated whether impaired CD1d function in ABL leads to a defect in iNKT selection and reduction in peripheral iNKT numbers. As previously reported (27) , we observed considerable variation in peripheral iNKT levels among healthy controls (Figure 6, A and B) . However, while all controls and FHBL patients had detectable iNKT cells, levels were significantly reduced in ABL,
Figure 6
Reduced iNKT levels and an altered iNKT phenotype in ABL. (A and B) iNKT levels in peripheral blood were determined by staining with αGalCer/CD1d tetramers or empty CD1d tetramers as control and are expressed as percentage of PBMCs. Figure 13) , confirming that the observed reduction was not caused by time-dependent variation. Interestingly, although all ABL patients showed severe defects in CD1d-restricted antigen presentation (residual CD1d-restricted presentation, 2%-17% of control), lack of peripheral iNKT cells was limited to patients with less than 10% of residual CD1d function (Supplemental Figure 12 ). This suggests that a threshold in central CD1d-restricted antigen presentation exists that must be passed to allow for positive selection of iNKT cells. However, due to severe CD1d defects in all ABL patients, subsequent thymic iNKT development was altered even in patients with detectable peripheral iNKT cells, as evidenced by impaired expression of iNKT markers typically acquired during thymic development based upon studies in mouse models (see below) (28, 29) . These data suggest that MTP deficiency in ABL might lead to thymic CD1d dysfunction and impaired iNKT selection, consistent with similar defects observed in murine thymic organ cultures upon MTP inhibition (30) . However, it cannot be excluded that redistribution from blood to other tissues contributes to the reduction in iNKT numbers in ABL.
iNKT cells are effector/memory cells characterized by constitutive expression of activation (CD69), memory (CD45RO), and NK markers (CD161/NK1.1). We analyzed these markers by flow cytometry and found significantly decreased expression of CD69, CD45RO, and CD161 on iNKT cells but not conventional (αGalCer/CD1d-tetramer-negative) T cells in all ABL patients with detectable iNKT cells ( Figure 6C ). In addition, the percentage of iNKT cells positive for these markers was decreased in ABL (data not shown). Since CD1d-restricted antigen presentation in the periphery is required for maturation and CD161/NK1.1 acquisition after thymic emigration of NK1.1 -iNKT cells (29) , these data are consistent with a defect in peripheral CD1d function in ABL in vivo. In addition, maintenance of CD69 expression by iNKT cells is independent of peripheral CD1d (29) , and alterations in ABL might therefore reflect impaired thymic iNKT selection, consistent with reduced peripheral iNKT numbers (28) . In conclusion, these data demonstrate that impaired CD1-restricted antigen presentation in ABL as observed in vitro is reflected by similar alterations in vivo and is consistent with a defect in both central and peripheral CD1d function.
Discussion
It has been recognized that metabolism and immunity are highly integrated processes that regulate each other (31) . Innate and adaptive immune cells can modulate metabolic pathways, and, conversely, lipid mediators such as prostaglandins, lipoxins, and sphingolipid- and phosphatidylinositol-derived second messengers are crucial regulators of immune function (31) . In addition, eukaryotic and prokaryotic lipids can serve as antigens for CD1-restricted lipid antigen presentation, which can be modulated through cellular lipid metabolism (5, 32) . It has recently been demonstrated that MTP, a protein critically involved in lipoprotein metabolism due to its role in the transfer of lipids onto APOB, is also a central regulator of CD1 function and can directly transfer lipids onto CD1 molecules based upon studies in model systems (6, 7, 9) . Here, we show that MTP deficiency in the rare human disease ABL is characterized by previously unrecognized immune defects, specifically by a loss of lipid antigen presentation by all group 1 and 2 CD1 mol-ecules. Our studies therefore highlight MTP as a unique regulator of both metabolic and immune functions in humans and suggest that ABL is not only a primary disorder of lipid metabolism but also an immune disease involving CD1.
Importantly, CD1 dysfunction in ABL is caused specifically by deficiency in MTP and not by its downstream effects on the metabolism of APOB-containing lipoprotein particles, as demonstrated by unimpaired CD1 function in patients with FHBL caused by heterozygous and compound heterozygous mutations in APOB. In addition, it is noteworthy that expression of apolipoprotein E, an apolipoprotein critical for exogenous CD1-restricted antigen presentation, is unaltered in ABL (33, 34) . Furthermore, MTP deficiency in ABL specifically affects CD1 lipid antigen presentation and does not lead to alterations in MHC class I- and class IIrestricted peptide antigen presentation and the activation and phenotype of conventional T cells.
Mechanistically, the lack of functional MTP in ABL is associated with decreased expression of group 1 CD1, likely owing to proteasomal degradation, and leads to a pronounced defect in lipid antigen presentation. These results bear resemblance to classical MHC class I molecules, where interference with loading of self-derived peptides during biosynthesis in the ER causes proteasomal degradation (35) . Similarly, loss of MTP function also leads to increased proteasomal degradation of APOB (24, 25) . Lack of ER retention of group 1 CD1 molecules in the absence of MTP is likely due to rapid proteasomal degradation preventing intracellular accumulation, similar to prior observations for APOB (36) . Our studies therefore demonstrate for the first time to our knowledge that MTP-mediated lipid transfer in the ER is required for unimpaired maturation and survival of group 1 CD1 molecules, which otherwise undergo proteasomal degradation. This is in accordance with the notion that endogenous lipid antigens might stabilize nascent CD1 molecules during biosynthesis (5) .
Interestingly, while group 1 CD1 expression is considerably reduced in ABL as shown here, the CD1 molecules that presumably escape proteasomal degradation exhibit a normal intracellular distribution of expression. It is therefore possible that these CD1 molecules are stabilized by endogenous ligands that are loaded in an MTP-independent manner, either spontaneously or facilitated by other, yet-to-be-characterized lipid transfer molecules. This might also explain why some CD1 family members, such as CD1b, appear to be less affected by MTP deficiency than others (Supplemental Figure 1) .
CD1b maintains its ability to present at least some antigens that are acquired in late endosomal compartments such as GMM C80. These results suggest that the acidic pH and/or the presence of late endosomal and lysosomal lipid editing molecules might provide a mechanism for survival of a fraction of CD1b molecules. Thus, the defect in group 1 CD1 function appears to mainly affect antigens acquired in the secretory and more superficial compartments within the endolysosomal system. Intriguingly, CD1d shows unimpaired cell surface expression despite a pronounced functional defect and inability to load exogenous antigens. MHC class II-restricted peptide processing is unaltered in ABL, and the CD1d defect is independent of endolysosomal trafficking. It is therefore unlikely that impaired loading of CD1d is simply the consequence of alterations in lysosomal processing. Alternatively, MTP deficiency during CD1d biosynthesis might lead to structural CD1d changes that prevent subsequent antigen loading. While lack of proteasomal degrada-tion and unaltered CD1d expression seem to argue against this possibility, staining of murine MTP-deficient APCs with a panel of more than 10 antibodies indeed revealed lack of CD1d recognition by a selected subset of antibodies, consistent with structural CD1d changes (R.S. Blumberg, unpublished observations). Interestingly, these changes were also not associated with CD1d degradation. In addition, investigations of several lysosomal processing disorders including deficiencies in saposin, cathepsin, and glucocerebrosidase have demonstrated similar results, with unimpaired CD1d expression despite severe functional defects (37) (38) (39) . Finally, it was recently shown that only a minor subset of endogenous human CD1d-binding ligands are true antigens that lead to iNKT cell activation (40, 41) . It is therefore possible that CD1d ligands and antigens differ in their requirement for MTP for loading onto CD1d. This could explain unaltered CD1d expression and subcellular distribution despite severe defects in CD1d-restricted antigen presentation, since MTP-independent ligands might stabilize CD1d during biosynthesis, assuring normal maturation and trafficking, but might lack antigenicity and thus the potential to activate NKT cells. In conclusion, the examination of CD1 function in ABL has revealed new insights into the manner in which MTP deficiency affects the expression and function of the various CD1 isoforms.
CD1-restricted lipid antigen presentation is involved in host antimicrobial defense, anticancer immunity, and the regulation of many autoinflammatory diseases (10, 11, 18) . Owing to the lack of known Mendelian disorders of CD1 and NKT deficiency in humans, most of this evidence is derived from the analysis of mouse models and has not been confirmed in humans. In addition, all in vivo studies have been limited to the analysis of CD1d, since mice lack expression of group 1 CD1 molecules. As a consequence, there is little information available on the biological significance of CD1-restricted lipid antigen presentation in humans (10) Here, we describe the first human disease to our knowledge that is characterized by pronounced defects in all CD1 family members. As such, ABL provides unique insight into the biological role of human CD1. Interestingly, while only a minority of the 100 known ABL cases has been characterized in detail, several potentially immune-related clinical disorders have been described, including cardiac insufficiency caused by lesions resembling chronic interstitial myocarditis (1, 42, 43) , fatal recurrent pulmonary infections (44) , and malignancies that are otherwise rarely observed (45) (46) (47) . Although a causal relationship between these defects in ABL and impaired CD1 function is speculative, these phenomena are consistent with a CD1-associated defect, given the observed role of NKT cells in the defense against several cardiotropic (e.g., Coxsackie viruses) and pulmonary pathogens (e.g., Streptococcus pneumoniae, Pseudomonas aeruginosa, respiratory syncytial virus), as well as in anticancer immunity in mouse models (18) . Our studies therefore raise the possibility that the clinical observations described above in ABL are related to CD1-associated immune abnormalities, which warrants further investigation.
The selective nature of potentially immune-related defects reported in ABL is not surprising. First, it is well known that patients deficient in NK cells, TLRs, and TLR adaptors exhibit susceptibility to selected microorganisms with otherwise unaltered immune function (48) (49) (50) . This is in contrast to broad immunodeficiency reported for inbred mice with similar genetic defects and suggests that compensating mechanisms exist in humans that prevent generalized immunodeficiency (51) . Second, CD1 defects in ABL are not complete in the case of CD1b, which maintains its ability to present at least some antigens acquired in the deep endolysosomal system. Microorganisms such as M. tuberculosis that express CD1b-restricted antigens loaded in these compartments (17) might therefore elicit only minimally impaired CD1b-restricted immune responses in ABL. Finally, the low prevalence of ABL prevents the analysis of susceptibility to pathogens dependent upon CD1-mediated immune responses but that infrequently lead to infections in humans (e.g., Borrelia burgdorferi or Leishmania spp.) (52) (53) (54) . Notably, however, increased susceptibility to herpes viruses, a group of common pathogens, has not been reported in ABL. This is surprising given the dramatic defects in CD1d and CD1d-restricted iNKT cells in ABL and previous descriptions of EBV-induced X-linked lymphoproliferative syndrome (XLP) and disseminated Varicella zoster virus (VZV) infection in association with iNKT deficiency (55) (56) (57) (58) . Since we were unable to examine antiviral immunity in ABL, this discrepancy is unexplained but may suggest that these previously described susceptibilities to herpes virus infections are due to other immune defects either alone or in combination with iNKT deficiency (55) (56) (57) .
In addition, abnormal CD1 function may not only be directly involved in the immune-related defects described in ABL but may also contribute significantly to the metabolic alterations observed in this disorder. For example, iNKT cells have been shown to drive hyperlipidemia and atherosclerosis but protect from hepatic steatosis (32, (59) (60) (61) (62) . Although the effects of MTP deficiency on lipoprotein metabolism are sufficient to explain both lack of atherosclerosis and frequent hepatic steatosis in ABL (1), it is possible that CD1 and NKT dysfunction may contribute to these phenomena. Our findings therefore indicate that further investigation of the role of iNKT cells in the metabolic processes associated with ABL is warranted.
In conclusion, our studies show that the function of both of the known substrates for MTP, APOB (24) and CD1 (6) , is dramatically disabled in ABL and highlight the importance of future studies investigating the role of CD1 defects in potentially immune-related phenomena associated with ABL. In addition, since CD1d-restricted NKT cells are implicated in diseases such as atherosclerosis (59, 60) , inflammatory bowel disease (IBD) (63) , and autoimmune hepatitis (64) , our studies further raise the possibility that chemical inhibitors of MTP might be suitable not only for the treatment of hyperlipidemic disorders (65) but also for interference with CD1-restricted lipid antigen presentation in human immune-mediated diseases.
Methods
Study population. The study was approved by the ethics committees of Washington University, University of Pennsylvania, and Brigham and Women's Hospital, and all subjects provided written informed consent. We studied 6 subjects with ABL caused by mutations in the MTTP gene (coding for MTP); 5 FHBL subjects with heterozygous APOB mutations; 1 homozygous FHBL subject with compound germline mutations in APOB; and 1 severely hypolipidemic FHBL subject with a combination of heterozygous mutations in MTTP, SAR1B, and APOB. Clinical and genetic data are summarized in Supplemental Table 1 . Of the 33 healthy normolipidemic controls studied, 16 were male and 17 female (median age, 35; range, .
Collection and preparation of the samples. Peripheral blood (80 ml) was drawn from nonfasting subjects and shipped overnight at room temperature in BD Vacutainer tubes containing EDTA (BD Biosciences) before extraction of PBMCs as described below. Yield, viability, and function of PBMCs were not affected by storage for up to 48 hours at room temperature (data not shown).
Cell culture. Cells were maintained in RPMI 1640 supplemented with 10% FCS, 2 mM l-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (RPMI-10). Monocytes and B cells were extracted from PBMCs by positive selection using CD14 and CD19 magnetic beads, respectively (Miltenyi Biotec). For generation of monocyte-derived DCs, monocytes were cultured at 1 × 10 6 cells/ml for 5 days in RPMI-10 medium supplemented with 500 U/ ml recombinant hIL-4 and 1,000 U/ml recombinant hGM-CSF (PeproTech). T cell clones were maintained in RPMI-10 with 100 U/ml recombinant hIL-2 (NIH AIDS Research and Reference Reagent Program) with periodic restimulation by irradiated allogeneic feeder PBMCs and phytohemagglutinin (PHA), as described previously (22) . SPF3 cells were provided by Rosa Bacchetta (San Raffaele Telethon Institute for Gene Therapy, Milan, Italy), Maria Grazia Roncarolo (San Raffaele Telethon Institute for Gene Therapy), and Craig Morita (University of Iowa, Iowa City, Iowa, USA).
Flow cytometry. For a detailed description of flow cytometry and antibodies, refer to Supplemental Methods. Briefly, cells were preincubated with FcR blocking reagent (Miltenyi Biotec) before staining with monoclonal antibodies for 30 minutes at 4°C. Staining with CD1d-αGalCer tetramers (NIH Tetramer Core Facility) to detect iNKT was performed for 1 hour at 4°C. Cells were analyzed using a 4-laser LSRII flow cytometer (BD Biosciences) and FlowJo software (Tree Star Inc.). Because of the low frequency of iNKT cells in peripheral blood, at least 3 × 10 6 cells were recorded per sample. All experiments were performed with the same lot of antibody under standardized conditions to allow for comparison of mean fluorescence intensities between experiments.
Antigen presentation assays. For a detailed description of antigen presentation assays, refer to Supplemental Methods. Antigen presentation was analyzed by in vitro coculture of CD1-restricted T cell clones with APCs obtained from peripheral blood of ABL patients, FHBL patients, or healthy controls. CD1d presentation was analyzed using monocytes, monocyte-derived DCs, and B cells, while CD1a-c presentation was analyzed using DCs, the only cell type expressing appreciable levels of group 1 CD1. Samples from each ABL and FHBL patient were processed along with those from 3 healthy controls with which results were compared. APCs were incubated with lipids before washing and coculture with T cell clones in 96-well flat-bottom plates. In some cases, blocking antibodies were added for 2 hours at 37°C before addition of T cells. CD1-restricted lipids and T cells were provided by T.-Y. Cheng (Brigham and Women's Hospital), D.B. Moody (Brigham and Women's Hospital), and M.B. Brenner (Brigham and Women's Hospital). Pattern recognition receptor-dependent, CD1d-restricted antigen presentation was studied by coculture of DCs and J3N.5 iNKT cells in the presence of heat-inactivated S. typhimurium CS015 (66) or S. aureus at an MOI of 20 as described in ref. 22 . To study M. tuberculosis-induced lipid antigen presentation, DCs were infected with M. tuberculosis H37Rv at an MOI of 10 for 2 hours at 37°C. Extracellular bacteria were removed by low-speed centrifugation (300 g) of DCs for 5 minutes. DCs were cultured for the indicated times before washing and coculture with T cells. Cytokine concentrations in the supernatant were determined by ELISA.
Lentiviral MTP reconstitution. Human MTP was amplified using the primers BamHI hMTP_for 5ʹ-GATGGATCCAATATGGGAATTCTTCTTGCT-GTGCTT-3ʹ and XhoI hMTP_rev 5ʹ-GAACTCGAGTCAAAACCATCC-GCTGGAAGT-3ʹ (restriction sites underlined) and 5ʹ of the IRES-eGFP encoding sequence cloned into the previously described trip/SIN-encoding lentiviral transfer plasmid (67) Lentiviral particles were generated and titered as described in Supplemental Methods. On day 3, DCs were infected with lentiviruses expressing hMTP or the control virus at an MOI of 15 in RPMI-1640 containing 10 μg/ml protamine sulfate. Transduced DCs were cultured at 10 6 cells/ml until day 5.
Quantitative real-time PCR, immunofluorescence staining, confocal laser scanning microscopy. Immunofluorescence staining, confocal microscopy, RNA extraction, reverse transcription, and quantitative PCR were performed as described in Supplemental Methods. Primer sequences were obtained from PrimerBank (http://pga.mgh.harvard.edu/primerbank/), and sequences are listed in Supplemental Table 2 .
Statistics. Data are expressed as mean ± SEM. For analysis of peripheral iNKT cells and surface marker expression, the median is shown, and statistical significance was determined using the 2-tailed Mann-Whitney U test for comparison of 2 groups. Statistical analyses were done with Prism (GraphPad) software. A P value less than 0.05 was considered significant.
